Background: During immune system activation, partitioning of amino acids (AAs) changes between protein gain and use
Introduction
During immune system activation, an increased competition occurs for amino acids (AAs) 7 for the synthesis of body proteins and proteins of the immune system (1, 2) . The concentration of serum acute-phase proteins (APPs) in pigs, for example, can increase >10-fold in response to infection or experimentally induced inflammation (3, 4) . The AA composition of APPs, however, differs largely from the composition of muscle protein (5) . As a consequence, the increased demand for especially Phe, Trp, and Tyr for the synthesis of APPs may lead to an imbalance in AAs available for body protein deposition, resulting in increased AA oxidation and nitrogen loss in urine (5) . The estimated nitrogen loss derived from the oxidation of unbalanced AAs due to excessive demands for aromatic acids for the synthesis of APPs is close to the nitrogen loss observed under conditions of infection and trauma (5) . Moreover, the cytokineinduced metabolic change after immune system activation generally results in the increased breakdown and decreased synthesis of skeletal muscle protein (6, 7) . Several studies have shown that immune system activation reduces feed intake, daily body weight (BW) gain, feed efficiency, and protein deposition in pigs (8) (9) (10) .
Immune system activation reduced plasma Trp concentrations (11, 12) and the efficiency of Trp utilization for body protein deposition in pigs (13) . The absolute requirement, in grams per day, for Lys (8) and Met + Cys decreased after immune system activation (14) . Traditional dose-response studies typically estimate the requirement of a single AA, but do not provide insight on simultaneous changes in the utilization of other AAs. Measuring the plasma irreversible loss rate (ILR), i.e., the amount of free AAs that disappears per unit of time from the plasma pool for protein synthesis or oxidation, can be performed for multiple AAs simultaneously, allowing estimation of a shift in metabolism of different AAs. We hypothesized that a reduced health status leads to a shift in AA utilization because of changes in the partitioning of AAs toward the synthesis of proteins in the immune system at the expense of synthesis of proteins in muscle.
In addition, there is increasing evidence that a deficient dietary AA supply can impair the cell-mediated responses of the immune system, thereby reducing the resistance to pathogens and the ability to regulate the immune system in response to disturbances (15) (16) (17) . The aim of the present study was to determine the effects of health status and dietary deficiency of Met + Cys, Thr, and Trp on whole-body nitrogen retention and AA utilization in growing pigs. We hypothesized that a dietary deficiency of Met + Cys, Thr, and Trp would increase the competition for AAs, hence reducing the responses of immune variables to poor health conditions and reducing body protein deposition. Combined measurements of whole-body nitrogen retention and rates of irreversible loss of AAs from plasma, urea entry, and plasma protein synthesis (after a bolus of 13 C-labeled AAs and 15 N 2 urea) were expected to provide insight into the consequences of immune system activation for AA metabolism.
Methods
Pigs and treatments. The study was approved by the Animal Experimental Committee of Wageningen University. In total, 28 barrows (Dutch Landrace 3 York) of similar age at arrival (55 6 0.4 d) were used. The barrows were obtained from good health (GH, n =14) or poor health (PH, n =14) status farms, as assessed by a serologic monitoring program for the presence of antibodies against a number of pathogens in pigs (Supplemental Table 1 ). On both farms, one barrow per litter with a BW around the average BW of each litter was selected from 14 litters. All barrows were born in the same week. After arrival at the experimental facilities, the GH pigs were kept in metabolism cages (1.90 3 0.65 m) in disinfected respiration chambers (air temperature 23°C) with high-efficiency air filters (1D-H13; Camfil) to reduce exposure to pathogens from the environment. In addition, a strict hygiene protocol was used (including showering, changing of clothes, disinfection of hands and boots, and use of hair nets, face masks, and gloves). GH pigs received antibiotics in their diet [8.4 mg amoxicillin/(kg BW Á d)] for 4 d after arrival. The PH pigs were kept in metabolism cages (2.10 3 0.65 m) in a cleaned but not disinfected room (air temperature 22-25°C) in which other pigs had been housed before the current study. PH pigs did not receive dietary antibiotics after arrival. A timeline of the experiment is shown in Supplemental Figure 1 with day 0 being the start of the dietary treatment allocation. For practical reasons, GH and PH groups were divided into 2 groups of 7 pigs each, with a time lag of 1 d between each group. Within each group, pigs were fed a diet adequate in essential AAs (Adq) or a diet 25% deficient in Met + Cys, Thr, and Trp (Def) at the start of the experiment (day 0). This resulted in 4 treatment groups (n = 7 each), i.e., GH-Adq, GH-Def, PHAdq, and PH-Def. Dietary treatments were balanced over groups of pigs. On day 21 or 0, pigs were surgically fitted with a jugular vein catheter for blood collection and a carotid artery catheter for injection of a mixture of U-13 C-labeled AAs and 15 N 2 urea. Neopen (5 mg neomycin and 10,000 IE procaine benzylpenicillin per kg BW; Intervet) was given intramuscularly 1 d before surgery, at surgery, and 1 d after surgery. Flunixin (2.2 mg/kg BW, Finadyne; Schering-Plough) was given intramuscularly at surgery and for 2 d after surgery. Pigs were weighed at arrival, day 21 or 0, day 2 (denoted as ''initial''), and day 9 (denoted as ''final'').
Experimental diets. The experimental diets are presented in Supplemental Table 2 . In order to prevent dietary energy supply from limiting protein deposition, assuming distinct protein and energy-dependent phases of protein deposition in pigs (18, 19) , the adequate diet was designed to be first-limiting in Lys, being 95% of the requirement value for Lys. The requirements for other essential AAs were met for growing pigs in the range of 25-45 kg BW (20, 21) . The deficient diet was also formulated to be marginally deficient in Lys, i.e., at 95% of the Lys requirement value (20, 21) , and was deficient in Met + Cys, Thr, and Trp all at 75% of their requirement according to Central Bureaux for Livestock Feeding (CVB) (20) . All pigs received the adequate diet until day 0. From day 0 until the end of the experiment, GH-Adq and PH-Adq pigs were fed the adequate diet, and GH-Def and PH-Def pigs were fed the deficient diet. Diets were provided as mash and mixed with water in a ratio of 1:3. Pigs were fed at 2.7 times the energy requirements for maintenance [458 kJ metabolizable energy/(kg BW 0.75 Á d)] according to the Agricultural Research Council (22) . Feed allowance was adjusted for BW, and BW gain was assumed to be 250 g/d. Pigs were fed their daily allowance in 2 equal meals, 1 provided at 0730 and 1 at 1630. Diets were analyzed for nitrogen content by using the Kjeldahl method (23) . Diets were analyzed for AAs by HPLC after hydrolysis in hydrochloric acid (24, 25).
Health status. Initial (day 2) and final (day 9) jugular blood samples were collected into EDTA-coated tubes (Vacuette, Greiner Bio-One) and were analyzed for the number of total leukocytes and differential leukocytes by an automated counter (Cell-Dyn 3700, Abbott). Initial blood samples were also collected in serum tubes (Vacuette, Greiner BioOne) and were allowed to clot for 1 h at room temperature. Serum was collected after centrifugation for 10 min at 1800 3 g and was stored at 220°C pending analysis of albumin (Randox Bromocresol Green Assay, catalog no. AB 362), haptoglobin (Tridelta Phase Haptoglobin Assay, catalog no. TP-801), pig major acute-phase protein (Pig-MAP) (ELISA, Reactivlab) and C-reactive protein (CRP) (ELISA, Reactivlab). All PH pigs (on day 11) and 3 GH pigs (on day 13) were killed by injection of 100 mg pentobarbital/kg BW through the catheter, after which an autopsy was performed and the remaining GH pigs were used in a subsequent study. Autopsy observations included judgment of body condition and visual inspection for abnormalities of the lung, spleen, stomach, small intestine, large intestine, kidney, liver, heart, and mesenteric lymph nodes by an experienced pathologist.
Nitrogen balance. Pigs were equipped with a Velcro support system to allow separate collection of urine and feces (26) . Feces and urine were collected quantitatively over 4 subsequent days. Feces were stored at 220°C pending analysis. Urine was collected via funnels, which were sprayed with an acetic acid buffer to prevent evaporation of NH 3 , into buckets containing sulfuric acid (9N) for conservation. Urine was collected from the buckets, weighed, sampled, and stored at -20°C pending analysis. Nitrogen in urine and feces was analyzed using the Kjeldahl method (23) . Dry matter (DM) content of feces was determined by drying at 103°C (27) .
AA metabolism. On day 7 or 8, the utilization of AAs was studied by measuring the change in plasma isotopic enrichment of individual AAs in time after an intravenous bolus of U-13 C-labeled L-AAs. This allowed calculation of the ILR of AAs from the plasma. Irreversible losses of AAs occur by incorporation of AAs into protein (protein synthesis) or by oxidation of AAs (28) . To create a steady state in dietary AA supply in time during the injection of the U- 13 C-labeled AAs and 15 N 2 urea mixture, the daily feed allowance on day 7 or 8 was divided over 10 equal meals. Two meals were fed at 0730, followed by hourly meals from 0910 until 1610. At 1230, a mixture of 11 U-13 C-labeled AAs (97-99 atom %, Cambridge Isotope Laboratories) and 15 N 2 urea (98 atom %, Sigma-Aldrich) was injected. The composition of the mixture was similar to the one described by Kampman-van de Hoek et al. (29) and was injected as a bolus (0.50 g/kg BW; 0.25 mL/s) in the carotid artery. If the carotid artery was blocked, the mixture was injected in the jugular vein. Blood samples (4 mL) were collected from the jugular vein and transferred into tubes containing lithium heparin (Vacuette, Greiner Bio-One) at 20 min and 10 min before injection of the isotope mixture and at 3, 6, 9, 12, 15, 20, 25, 30, 40, 50, 61, 76, 91, 120 , and 181 min after injection. Tubes were immediately placed on ice and centrifuged for 10 min at 2000 3 g at 4°C, after which plasma was collected and stored at 220°C pending analysis. Samples taken at 210, 3, 6, 9, 12, 15, 20, 40, and 61 min after injection were analyzed for 13 C enrichment in plasma Ile, Leu, Lys, Phe, Trp, Tyr, and Val (29) . The 13 C enrichment of Met and His could not be successfully analyzed because of high losses during the derivatization step. Samples taken at 210, 3, 9, 20, 61, 120, 181, and 1260 min after injection were analyzed for 15 N enrichment of plasma urea and 13 C enrichment in plasma proteins. For urea enrichment, the plasma samples were deproteinized by mixing 0.3 mL sodium tungstate (10% w:w) and 0.2 mL sulfuric acid (1N) with 400 mL plasma. After centrifugation, the supernatant was transferred into a 2 mL tube and the precipitate was used for measuring 13 C enrichment in plasma protein. A total of 400 mL Dowex ion exchange resin (Ag 50W-X8 H+ form, 200-400 mesh, Dow Chemical Company) was added to the supernatant. After centrifugation, the precipitate was flushed with Millipore water and collected. After evaporation to dryness, the sample was evaporated with a centrifugal concentrator (Jouan RC 1022, Thermo Scientific). The precipitate was used for measuring 13 C enrichment in plasma proteins after freeze-drying. 15 N enrichment in plasma urea and 13 C enrichment in plasma protein was measured after combustion in an elemental analyzer (Flash 2000 organic elemental analyzer HT O/H-N/C, Thermo Scientific) with the use of a continuous flow isotope ratio mass spectrometer (Conflo IV, Thermo Scientific).
Models. Assuming physiologic steady state conditions during the measurements, ILR and urea entry rate were calculated as described previously (29) from the change in respectively plasma AAs and urea isotopic enrichment after an intravenous bolus of U- Calculations. BW gain, nitrogen intake, fecal and urinary nitrogen excretion, and nitrogen retention were expressed relative to BW to correct for differences in BW between treatment groups (BW at arrival was 19.5 6 0.32 for GH and 13.6 6 0.50 kg for PH pigs). 13 C enrichment in plasma AAs and protein and 15 N enrichment in plasma urea were expressed as TTR, and background enrichment (obtained from plasma samples taken before injection of the mixture of labeled AAs and urea) was subtracted. The pig was considered to be the experimental unit. With the parameter estimates derived from the exponential model (29) , the ILR (micromoles per kilogram of body weight per hour) and pool sizes (micromoles per kilogram of body weight) were calculated as described previously (29) . AAs released from protein breakdown were calculated by difference between ILR and intake with the use of the steady state model (31), i.e., ILR = protein breakdown + dietary intake = protein synthesis + AA oxidation. Urea entry rate and pool size were calculated in analogy to ILR and pool size of AAs.
Statistical analyses. The goodness of fit of the double exponential model was assessed by computing the mean square prediction error (MSPE). The root MSPE was scaled to the observed mean (mean prediction error), and the correlation between predicted and observed values was calculated. Errors from overall bias, errors from deviation of the regression slope from unity, and errors from random variation were calculated (32) . All variables and parameter estimates were analyzed by ANOVA with health status and dietary treatment as fixed effects. Whenever the interaction was significant, results were analyzed with the use of a post hoc TukeyÕs adjustment. The change in TTR of plasma protein with time was tested for difference from zero. In addition, the effects of health status, dietary treatment, and day of collection (initial or final) on the count of total leukocytes, neutrophils, lymphocytes, monocytes, and the sum of eosinophils and basophils were analyzed with a mixed model with collection day within pig taken as repeated measures. Apart from monocyte counts, dietary treatment did not affect the leukocyte counts. Therefore, the presented data do not include the effect of dietary treatment. A covariance structure was chosen based on the lowest value for the Akaike and Bayesian information criteria. The normality of the distribution of studentized residuals was assessed. Data on the granulocyte count were log transformed to obtain normal distribution of model residuals. All statistical procedures were conducted in SAS. Values are presented as means 6 (pooled) SEMs, and effects were considered significant at P # 0.05.
Results
Data from one pig in the GH-Def treatment group were excluded because of feed refusals, occurrence of fever, and lung and liver abnormalities observed in a subsequent study, explaining an extremely low BW gain and nitrogen retention in the present experiment. Data from 2 pigs in the PH-Def treatment group were excluded because of an error in BW determination and therefore incorrect feed allowances. For ILR data, missing values were obtained for some AAs when the amplitude of the isotope ratio mass spectrometer did not exceed 500 mV or if models estimating ILR failed to converge.
Health status. At the initial blood collection (day 2), PH pigs had a lower (P < 0.001) serum albumin concentration than did GH pigs and a higher (P < 0.001) serum haptoglobin concentration, resulting in a greater (P < 0.001) haptoglobin-toalbumin ratio ( Table 1) . Serum total protein concentration tended to be greater (P = 0.07) in PH pigs than in GH pigs (Table  1) . Serum Pig-MAP and CRP concentrations did not differ between PH and GH pigs. Dietary treatment did not affect serum APP concentrations, although the serum haptoglobin concentration and the haptoglobin-to-albumin ratio tended to be greater in Def pigs than in Adq pigs, particularly in PH pigs [P = 0.09 and 0.07, respectively, for the interaction between health status and dietary amino acid supply (H 3 D)] (Table 1) .
PH pigs had greater counts of total leukocytes (P < 0.001), granulocytes (sum of neutrophils, eosinophils, and basophils) (P < 0.001), and lymphocytes (P < 0.01) than did GH pigs ( Table 2) . Counts of total leukocytes (P < 0.05) and granulocytes (P < 0.01) were lower at the final blood collection than at initial blood collection (Table 2) . Dietary treatment did not affect counts for total leukocytes, granulocytes, and lymphocytes, but monocyte count was greater (P = 0.01) in Def pigs (0.91 6 0.081 Á 10 lower (P < 0.01) in PH pigs than in GH pigs and lower (P = 0.05) in Def than in Adq pigs. Apparent total tract digestibility of DM (P < 0.05) and nitrogen (P < 0.01) was lower in PH pigs than in GH pigs. The utilization of digestible nitrogen for protein deposition was greater (P < 0.001) in PH than in GH pigs. Initial BW (on day 2) and final BW (on day 9) were lower (P < 0.001) in PH pigs than in GH pigs. BW gain (in grams per day and expressed relative to BW) and gain-to-feed ratio were greater (P < 0.01) in PH-Adq pigs than in PH-Def pigs, but similar in GH-Adq and GH-Def pigs. BW gain was 112 g/d higher (P < 0.01) in PH-Adq pigs than in PH-Def pigs, but this effect of diet was absent in GH pigs (H 3 D, P < 0.01). When expressed relative to BW, BW gain in PH-Adq pigs also exceeded BW gain in GH pigs (P = 0.02), and BW gain in PH-Def pigs exceeded BW gain in GH-Adq pigs (P = 0.02), but not in GH-Def pigs.
Protein metabolism. The double exponential model accurately described the decrease in 13 C enrichment of individual plasma AAs after injection of the 13 C AA bolus. An example of a curve fit is presented in Supplemental Figure 2 . The average root MSPE of the 7 studied AAs ranged from 2.8% to 3.9%, with >99% of the prediction error attributable to random variation. ILR was greater (P < 0.05) for Lys and tended to be greater for Ile (P = 0.08) in PH pigs than in GH pigs ( Table 4) . ILR for Trp tended to be greater (P = 0.06) in Adq pigs than in Def pigs (Table 4) . Lys pool size tended to be greater in Def pigs, but only under PH conditions (P = 0.07 for H 3 D). Val pool size was lower in GH-Def pigs than in GH-Adq pigs, but greater in PH-Def pigs than in PH-Adq pigs (H 3 D, P = 0.03). Tyr pool size tended to be lower (P = 0.07) in Def pigs than in Adq pigs. Urea pool size was greater (P = 0.01) in PH pigs than in GH pigs. Urea entry rate was not affected by health status or dietary treatment.
For 13 C enrichment in plasma protein, a linear model was fitted to from 20 min until 120 min after isotope injection. Data from the first 20 min after isotope injection were discarded to prevent contamination of samples with traces of 13 C AAs from the catheter lines and to allow homogenous distribution of the tracer in the plasma AA pool (i.e., an unrealistically high TTR in the first 2 samples after injection). Incorporation of the label into the plasma protein pool was detected, but the slope of 13 C enrichment in plasma protein in time was not affected by health status or dietary treatment (Table 4) .
Discussion
The objective of the present study was to determine the effects of health status and dietary deficiency of Met + Cys, Thr, and Trp on whole-body nitrogen retention and AA utilization in growing pigs.
Contrast in health status. In the present study, the contrast in health status between PH and GH pigs was created by selecting 2 farms at which pigs differed in the presence of antibodies against a number of pathogens. Sows, gilts, and growing pigs were monitored on these farms during a period of 1 y before the start of the experiment. Upon arrival, all pigs underwent surgery for (9, 33, 34) . In line with our findings, haptoglobin was observed to be more responsive to variations in age, stress, and sanitary and housing conditions than Pig-MAP and CRP (4), and changes in haptoglobin concentrations are more pronounced than Pig-MAP, CRP, and albumin in response to naturally occurring infections in pigs (35) . On average, PH pigs had 51% greater counts of total leukocytes than GH pigs at day 2 and 29% greater counts at day 9, with the largest quantitative difference in the number of granulocytes, especially neutrophils. An increase in the number of neutrophils is indicative of an infection, possibly of bacterial nature (36, 37) , because neutrophils are short-lived phagocytic cells, acting to kill ingested pathogens (38) . In line with the greater APP concentrations and leukocyte counts, PH pigs showed abnormalities in selected organs and tissues upon autopsy. Only 3 GH pigs were autopsied, because the remaining GH pigs were used in a subsequent study, but clinical signs of disease were not observed in those 3 GH pigs. The greater haptoglobin and lower albumin concentrations in serum, the greater leukocyte counts, and the abnormalities observed upon autopsy indicate that the PH pigs had a more activated immune system than did the GH pigs. From the start (day 2) to the end (day 9) of the measurement period, the counts of total leukocytes and granulocytes decreased, particularly in PH pigs. In summary, a clear contrast in the degree of immune system activation between PH and GH pigs during the experimental period was observed, although performance markers indicated that the health status of the PH pigs was improving. The greater BW gain, nitrogen retention, and more efficient utilization of digestible nitrogen for nitrogen retention in PH pigs than in GH pigs indicated possible compensatory effects on these outcomes, likely due to a gradual improvement in health during the experiment period. The BW at the start of the experiment was lower for PH pigs than for GH pigs of similar age. Although the feed intake per kilogram of metabolic BW did not differ between groups, GH pigs received a greater absolute amount of feed above maintenance. Nonetheless, BW gain was lower in GH pigs than in PH pigs, indicating compensatory growth in PH pigs.
Effect of health status and dietary treatment on nitrogen retention and AA metabolism. The apparent total tract digestibility of DM and nitrogen was 1.3 and 3.7 percentage points lower, respectively, in PH pigs than in GH pigs. Reduced digestion and absorption of nutrients can be associated with gastrointestinal tract-related diseases, e.g., because of intestinal cell damage or increased rate of passage of digesta (2, 10) . In addition, a parasite infection may have contributed to the observed difference (39) . PH pigs, in particular those fed the Adq diet, showed compensatory BW gain upon arrival at the experimental farm, coinciding with an increased efficiency in utilization of digestible nitrogen for body protein deposition. These findings are in line with the results of the ILR of AAs. In all pigs, the 13 C enrichment in plasma AAs showed a rapid decline in time, which was accurately described by a double exponential model, as indicated by the goodness of fit. In the present study, the greater ILR for Lys and the tendency for a greater ILR for Ile (P = 0.08) in PH pigs than in GH pigs indicate greater use of protein synthesis or greater oxidation of these AAs. The greater urea pool size in PH pigs compared with GH pigs (P = 0.01) indicates that the greater ILR for these AAs is related to greater oxidation of AAs rather than to an increase in protein synthesis. Within Adq pigs, however, the increased ILR for Lys and tendency for Ile because of PH (P = 0.03 and 0.08, respectively) is more likely associated with greater protein synthesis, as illustrated by a greater BW gain (P = 0.02 for H 3 D). The labeled AAs incorporated in plasma proteins, reflected by the slope of 13 C enrichment in plasma protein, was not affected by health status or dietary treatment, indicating that no differences in AA incorporation into plasma proteins were observed between treatments.
Feeding a diet deficient in Met + Cys, Thr, and Trp was expected to limit protein synthesis, thus reducing the ILR for limiting AAs and increasing the ILR of other AAs because of greater oxidation of AAs that become excessive. Indeed, the dietary treatment Def tended to reduce the ILR for Trp (P = 0.06). However, it did not lead to greater ILR for the other AAs. In GH pigs, BW gain and nitrogen retention were unaffected by dietary AA deficiency, indicating that Met + Cys, Thr, and Trp were not limiting body protein deposition in GH pigs.
Changes in plasma AA concentrations have been used previously as a measure to assess the effects of immune system 1 Values are means and pooled SEMs; n = 4-6 for Lys, Ile, Leu, Phe, and Tyr; n = 4-7 for Val; n = 2-6 for Trp; n = 3-5 for urea; and n = 5-6 for 13 C plasma protein because of missing values in isotope ratio mass spectrometry measurements. Labeled means in a row without a common letter differ, P , 0.05. AA, amino acid; Adq, adequate in essential amino acids; BW, body weight; D, dietary amino acid supply; Def, 25% deficient in Met + Cys, Thr, and Trp; GH, good health; H, health status; ILR, irreversible loss rate; PH, poor health; TTR, tracer-to-tracee ratio. 2 Calculated as described in (29) from the change in 13 C enrichment of plasma AAs and 15 N 2 urea after an intravenous injection of 7 U-13 Clabeled AAs and 15 N 2 urea. 3 AA released from protein breakdown was calculated as the difference between ILR of an AA and its dietary intake, with the use of the steady state model (31), i.e., ILR = protein breakdown + dietary intake = protein synthesis + AA oxidation. Intake was estimated by multiplying the daily feed intake by the dietary apparent ileal digestible content of each AA on a molar basis and dividing this by 24 h. Because the variation in breakdown originates almost exclusively from ILR values, statistical differences are virtually identical to those of the ILR values, and are therefore not presented. 4 Calculated from a linear model describing the change in 13 C enrichment (TTR) of plasma protein after an intravenous injection of 7 U- activation on AA metabolism (9, 12 ). Yet, the relevance of changes in plasma AA pool sizes or AA concentrations presumed to reflect pool sizes is not clear, because changes in AA metabolism (e.g., an increased protein synthesis rate) can occur without concomitant changes in plasma AA concentrations or pool size (31) . In conjunction with data on ILR or nitrogen retention, changes in AA pool sizes may be more informative. For example, as discussed previously (29) , a reduced AA pool size, in conjunction with similar ILR, may be indicative of a reduced rate of oxidation.
Unlike under PH conditions, Val and Lys pool sizes decreased or tended to decrease under Met + Cys, Thr, and Trp deficiency under GH conditions (P = 0.03 and 0.07, respectively, for H 3 D). The efficiency of nitrogen retention, BW gain, and gain-tofeed ratio were, however, unaffected by AA imbalance in GH pigs. This indicates that Met+Cys, Thr, and Trp were not limiting the use of dietary protein for nitrogen retention in GH-Def pigs. Instead, the changes in Val and Lys pool sizes suggest that Val and Lys may have been limiting nitrogen retention in pigs under GH conditions. The reduction in ILR and pool sizes of Lys, Trp, Ile, Leu, Val, Phe, and Tyr and of pool sizes of Ile, Leu, Phe, Tyr, and urea when feeding Def diets under GH conditions were not statistically significant. Among the PH pigs, the observed compensatory gain in PH-Adq pigs was not associated with significant changes in ILR by Met + Cys, Thr, and Trp deficiency. This indicates that the increased BW gain in these pigs likely originates from an increase in protein synthesis, coinciding with a reduction in oxidative losses. It implies that the AA profile of the Def dietary treatment limited body protein deposition in PH pigs but not in GH pigs, as reflected in reduced BW gain and lower gain-to-feed ratio in these pigs. The gradual improvement in performance of especially PH-Adq pigs, however, in part may have masked the effect of health status on nitrogen retention and AA utilization in the current study.
The observed tendency (P = 0.09) for a greater serum haptoglobin concentration in PH-Def pigs than in PH-Adq pigs indicates that the dietary AA supply was certainly not limiting the production of APPs in PH-Def pigs. These findings imply that a deficient dietary supply of Met + Cys, Thr, and Trp increased the competition for AAs between body protein deposition and the synthesis of proteins associated with immune system activation in PH pigs.
Effect of dietary AA supply on the immune response. In the present study, we observed a 30% greater monocyte count in Def pigs than in Adq pigs (P = 0.01). Monocytes are the most common cells to initiate the acute phase response by releasing cytokines (40) . In line, haptoglobin concentrations and the haptoglobin-toalbumin ratio tended to be higher in Def pigs, particularly in PH (P = 0.09 and 0.07, respectively, for H 3 D). Dietary AA supply has been previously associated with changes in the immune system (15) (16) (17) . The systemic release of proinflammatory cytokines, for example, is inhibited by dietary Trp supplementation to pigs with experimentally induced colitis (41) . In humans, reducing protein intake from 1.4 g/(kg BW Á d) to a marginally adequate 0.6 g/(kg BW Á d) for 7 d induced a low-grade inflammatory response, as indicated by increased plasma concentrations of IL-6 and synthesis of positive APPs (haptoglobin and fibrinogen), while albumin synthesis decreased (42) . Similarly, Le FlocÕh et al. (43) observed numerically greater plasma haptoglobin concentrations in Trp-deficient pigs than in Trp-supplemented pigs with an experimentally induced lung inflammation. Furthermore, a deficient Trp supply in pigs was associated with greater relative lung weights (43) , and with greater intestinal damage in experimentally induced colitis (44).
In conclusion, PH pigs had a lower health status, especially at the start of the experiment, and reduced total tract DM and nitrogen digestibility compared with GH pigs. PH pigs fed the Adq diet, and to a lesser extent the Def diet, showed compensatory BW gain after arrival at the experimental farm, coinciding with greater nitrogen retention and an increased efficiency of digestible nitrogen utilization for growth when compared with GH pigs. A reduced health status increased ILR for Lys and tended to do so for Ile. Changes in Lys, Val, and urea pool sizes support the observation that the increase in ILR of Lys under PH conditions relates to oxidation in pigs fed the Def diet, whereas it relates to synthesis in pigs fed the Adq diet. Immune variables were not reduced by feeding diets deficient in Met + Cys, Thr, and Trp. On the contrary, feeding diets deficient in Met+Cys, Thr, and Trp increased monocyte counts and tended to increase haptoglobin concentrations, particularly in PH pigs. This illustrates an increased competition for AAs between synthesis of proteins associated with immune system activation and body protein deposition when the dietary supply of Met + Cys, Thr, and Trp is limited in pigs during and after a period of poor health.
